Though fish meat is good for health, its consumption is determined by post-harvest quality parameters. The "use and dispose" attitude of the public towards plastics coupled with inadequate waste management has led to extensive accumulation of plastic debris in the aquatic environment. Microplastics (plastic particles of <5mm in their longest dimension) in the aquatic environment and fish gut is an emerging concern that has been reported from different regions of the world. The degradation of plastic polymers to micro-and even to nano sized particles smaller than 100 nm size is of recent major concern. Micro-and nanoplastics are basically inert but they tend to sorb toxic pollutants and harmful microorganisms. Moreover, chemicals added to plastic to impart functional properties pose threat to human health. Fish, either by passive ingestion or active foraging accumulate microplastics in their guts. However, there is paucity of documented evidence on the adverse effect of microplastics on human health due to consumption of such fish. Protocol for the determination of quantity of microplastics in fish flesh needs to be standardised and quality standard to be fixed for the quantity of microplastics that would be considered as a food hazard. There exists an imminent need to perform risk analysis in order to categorise microplastic as a food hazard in fish meant for human consumption. Until then there is no justification to reduce the consumption of fish and fishery products due to apprehension of presence of microplastics.
Introduction
Fish meat is packed with many nutrients that are beneficial for human health, with high quality protein, vitamins (A, B, D), minerals (calcium, phosphorus, iron, copper, selenium, magnesium, zinc) and omega-3 fatty acids (Eicosapentaenoic acid, Docosahexaenoic acid). Consumption of fish is associated with low incidences of heart attacks and strokes as omega-3 fatty acids decrease the risk of arrhythmias, lower triglyceride levels, decrease growth rate of atherosclerotic plaques and lower blood pressure (Flick and Martin, 1992; Stone, 1996; KrisEtherton et al., 2002; Mozaffarian and Rimm, 2006; Brouwer, 2008) .
Increased public awareness on the benefits of fish has led to increase in consumption of fish. World per capita fish consumption reached 19.7 kg in 2013 and is showing an increasing trend. The per capita fish consumption in India (6.1 kg per person) was lower than other Asian countries such as Indonesia (31.8 kg per person), China (38 kg per person) and Japan (48.9 kg per person) in 2013 (FAO, 2016) . India is the second largest producer of fish with production of 11.41 million t in 2016-17 and fish consumption is being promoted for its nutritional and health benefits.
Safety of food is the chief concern of fish consumers and food regulatory agencies all over the world have laid quality guidelines for accepting fish as food. Even though fish is good for health, its consumption is determined by post-harvest quality parameters such as protein breakdown, fat oxidation, microbial numbers, presence of harmful pathogens and toxic chemicals. Pre-harvest condition of the fish plays a key role in determining post-harvest fish quality as it is well recognised that harmful microorganisms and toxic chemicals present in the aquatic environment tend to accumulate in the live fish and severely jeopardise post-harvest fish quality.
Plastics, owing to their user friendliness, cost effectiveness and versatility, have been the choice of material for either substitution of existing products or development of innovative products in the fields of electrical, electronics, medical, cosmetics, automotive, construction, agriculture and food packaging. The versatility of plastics made their presence ubiquitous in all the countries. Global annual production of plastics increased from 1.5 million t in 1950 to 322 million t in 2015 (Plastics Europe, 2016; Wright and Kelly, 2017) and the demand for plastics is projected to increase to 600 million t by 2025 and reach 1000 million t by 2050 (Lusher et al., 2017b) .
Plastic waste
Nearly 10% of the plastics produced globally ends up in the aquatic environment (Thompson, 2006; Jambeck et al., 2015) .The plastic mass in the oceans in relation to fish biomass is projected to reach a ratio of 1 to 3 by 2025 (Jovanovic, 2017) and in some parts of the oceans the mass of plastics has already surpassed the phytoplankton mass (Moore et al., 2001) . Deep Indian Ocean floor is already burdened with 4 billion fibers per km 2 (Woodall et al., 2014) . The economic burden of plastic litter was estimated to be $ 13 billion (UNEP, 2014) and $ 489 million is needed to remove microplastics from 1% of the North Pacific (NOAA, 2016) . India generates about 25,000 t of plastic waste every day. Major rivers and drains carry the plastic waste from hinterlands in to the open seas. The United Nations has identified the Ganga-Brahmaputra Meghna river system as one of the ten rivers worldwide that carries enormous amounts of plastic waste in to the marine environment. India was the global host for the United Nations World Environment Day 2018 that had 'Beat Plastic Pollution' as the focal theme. This outlines the global significance of plastic waste as one of the greatest environmental challenges for mankind.
Plastic waste is largely generated from the single use or disposable plastic items such as plastic bags, plastic cutlery, disposable medical devices and plastic packaging of food, electrical appliances and equipment. Food and beverage packaging is the single largest contributor of plastic waste (Galloway, 2015) . The increase in the "use and dispose" attitude of the public towards plastics coupled with inadequate waste management by the civic administration has led to extensive accumulation of plastic debris in the aquatic environment. The effect of plastic debris on aquatic animals is obvious as the macroplastics can physically clog the gut and intestines of aquatic animals leading to their mortality due to choking (Kaladharan et al., 2014) . Entanglement of fish and turtles in marine debris cause lacerations, increased drag and may lead to death by drowning or starvation (Nelms et al., 2016) . However, presence of microplastics in the aquatic environment and fish gut is an emerging concern that has been reported from different aquatic regions of the world. Even tap water (83% of the samples collected worldwide and 94% in the USA) samples were found to be contaminated with microplastics (www.orbmedia.org.
Composition of microplastics
Microplastics are defined generally, as plastic particles with less than 5 mm in their longest dimension (GESAMP, 2015) and more specifically defined as plastic particles with size ranging between 0.1 to 5000 µm in their longest dimension (EFSA, 2016; Lusher et al., 2017a) . The dimensions of the microplastics are comparable to the size of the food ingested by most aquatic animals.
Plastics are basically polymers and the low density polyethylene (LDPE) as well as high density polyethylene (HDPE) are polymers of ethylene. Polyvinyl chloride (PVC) is a polymer of vinyl chloride, polypropylene (PP) is polymer of propylene, polyethylene terephthalate (PET) is polymer of ethylene terephthalate and polystyrene is polymer of styrene, while nylon is a polyamide. Several additional chemicals (additives) such as colours, UV stabilisers, plasticisers, preservatives, antioxidants, fillers and flame retardants are added to the plastics to provide additional features to the final plastic product. Chemically the additives include bisphenolA, bisphenone, brominated flame retardants, phthalates, triclosan and organotins.
Sources of microplastics in the aquatic environment
Microplastics enter the aquatic environment through primary and secondary sources. The primary source of microplastics is the microbeads present in facial cleaners, facial scrubs, toilet soaps and tooth paste. Microbeads are small sized (<1mm dia) plastic particles that are added to cosmetics and toiletries to enhance their abrasive and cleaning ability. Facial cleaners contain polyethylene microparticles with sizes ranging between 4.1 µm to 1.24 mm (Fendall and Sewell, 2009 ). Microbeads were reported in commercial cosmetic products in many countries including India (Sharma and Chatterjee, 2017) . Microbeads, being non-biodegradable and tiny plastic particles, escape the filtration and treatment processes for waste water and end up in the open aquatic environment.
The secondary source of microplastics is through degradation of mesoplastics (5 to 25mm) and macroplastics (>25 mm). Plastics are highly resistant to microbial degradation in the aquatic environment. However, they breakdown to smaller fragments through the fragmentation/degradation of large plastic items through weathering by abiotic factors such as ultra violet light, water temperature as well as wave and wind action (Andrady, 2015; Browne, 2015; Auta et al., 2017) . Expanded polystyrene floats of fishing docks and aquaculture facilities are damaged by boring isopods and in the process expel large quantities of microplastics into the aquatic environment (Davidson, 2012) . Polyester fibres from textiles also form sources of microplastics that enter the aquatic environment through domestic and industrial waste water.
Plastic use in fisheries and aquaculture
Almost all aspects of fisheries i.e., fish harvest, fish farming, fish packaging and fish transport involve extensive use of plastics. In the fish harvest sector, plastics are used in fish nets, trawls, lines, lures, traps, pingers, in boat construction, fish holds, buoys, floats and fish aggregating devices. In fish farming, plastics are used in cage fabrication, mesh screens, drain pipes, plastic paddle wheel aerators, pond plastic lining, crates as well as for feed and feed supplement packaging. In fish processing, plastics are mainly used in insulated fish boxes, crates, conveyor belts and product packaging. The choice of material depends on the intended use as some plastic materials (polyethylene, polypropylene, expanded polystyrene) float while some other forms of plastics (polyvinyl chloride, polyamide, poly ethylene terephthalate) sink in seawater.
Microplastics in the aquatic animals and environment
Ingestion of small plastic particles has been reported in more than 690 marine species belonging to different trophic levels (Gall and Thompson, 2015; Lavers and Bond, 2017) . Aquatic animals passively ingest microplastics due to their inability to differentiate microplastics and food. The minute size of microplastic particles, buoyancy of the plastic particles and attractive colour of the plastics make them ideal candidates as food for fish. Among aquatic animals, microplastics were reported in clams (Davidson and Dudas, 2016) , mussels (Van Cauwenberghe et al., 2015) , shrimps (Devriese et al., 2015) , crabs (Stasolla et al., 2015) , oysters (Sussarellu et al., 2016) , whales , marine fish (Lusher et al., 2013; Avio et al., 2015; Mazurais et al., 2015; Romeo et al., 2015; Bellas et al., 2016; Guven et al., 2017; Jovanovic, 2017 , Foley et al., 2018 Wieczorek et al., 2018) ; freshwater fish Phillips and Bonner, 2015; Peters and Bratton, 2016; Jabeen et al., 2017) and farmed fish (Ibrahim et al., 2017) . Microplastics were detected in beaches (Veerasingam et al., 2016; Yu et al., 2018) , lakes (Sruthy and Ramasamy, 2017) , estuarine rivers (Yonkos et al., 2014) and seas (Lima et al., 2014) . Microplastics have also been reported from table salt (Yang et al., 2015) and canned fish (Karami et al., 2018) .
In India, plastic ingestion was reported in different marine fish such as sardine, mackerel, anchovy, ribbon fishes, dolphin-fish, tunas and several other fishes caught from almost all states along the south-west and south-east coasts (Sulochanan et al., 2011; Sajikumar et al., 2013; Kripa et al., 2014; . Plastic items formed 97% by weight and 99% by number of the total marine litter in the stake net fisheries of Vembanad Lake, Kerala (Shylaja et al., 2018) and the average weight of plastic covers in the nets was 985 g net -1 day -1 . Kaladhran et al. (2017) analysed beach debris collected from 254 selected beaches and provided a synoptic picture of beach debris in India. The plastic items in the litter comprised of nylon nets/ fishing lines, single use carry bags, sachets of soft drinks, edible oils, detergents, beverages, cases of cosmetics, toothpaste, PET bottles and ice cream containers. They reported that the quantity of plastics in beach litter ranged between 0.08 g m -2 (Odisha coast) and 25.47g m -2 (Goa coast). Significantly, the archipelagic coasts of Andamans (47%) and Lakshadweep (40%) recorded higher proportion of plastic in the beach litter compared to the national average of 14%. However, the percentage occurrence of microplastics of size 50 µm to 5 mm in marine debris is less than 5% Chemical constituents (monomers and additives) of the microplastics contain endocrine disruptors which lead to change in fish behaviour, gastrointestinal irritation, disruption of lipid metabolism, change in microbiome and can cause reproductive problems. Main polymer types found in microplastics from the Qinghai Lake, China were polyethylene and polypropylene (Xiong et al., 2018) . Polythene was the most abundant polymer in Adriatic fish species (Giacomo et al., 2015) . Similarly, polyethylene and polypropylene were the dominant polymers in microplastics reported in India from beach litter (Veerasingam et al., 2016) and sediment samples from Vembanad Lake (Sruthy and Ramasamy, 2017) . However, microplastics of polyamide and poly vinyl alcohol were detected in cage-cultured Asian seabass (Ibrahim et al., 2017) .
Food safety implications to the fish consumers
Plastics are generally inert and have minimal effect on human health. However, monomers of certain plastic polymers, chemical additives added to plastics, toxic chemicals sorbed to microplastics and harmful pathogens attached to the microplastics have the potential to negatively affect human health.
Monomers and endogenous chemical additives:
Certain monomers and endogenous chemical additives present in the plastic polymers have deleterious effects on human health (Table 1) . Monomers of plastics such as ethylene and ethylene terephthalate are not recognised as significant human health threat but styrene exhibits estrogen like activity (Yang et al., 2011) and vinyl chloride is a genetoxic and mutagenic agent (Giri, 1995; BrandtRauf et al., 2012) . Additives to the plastics viz., phthalates, bisphenol A, nonylphenols and flame retardants act as endocrine disruptors (Diamanti-Kandarakis et al., 2009; Halden, 2010; Bang et al., 2012; Ludovic et al., 2017) .
Sorption of chemicals to microplastics:
The relatively higher surface area to volume ratio of microplastics provides greater potential for sorption of harmful chemicals and subsequent leaching of these toxic compounds. Persistent toxic substances such as dicholrodiphenyltrichloro ethane (DDT), polycyclic aromatic hydrocarbons (PAH) and polychlorinated biphenyl (PCB) accumulate on microplastics. Heavy metals on the microplastics are either present during plastic manufacture (as stabilizers, antioxidants, dyes or antifouling) or may be sorbed from the aquatic environment. Ashton et al. (2010) showed that virgin polyethylene absorbed aluminum, copper, iron, lead, manganese, silver and zinc from seawater. Zhang et al. (2015) reported 2.4 mg g -1 PAHs and 0.1 mg g -1 in plastic pellets recovered from beaches in China. Moreover, the rate of release of chemicals (desorption) from the microplastics is 30 times faster in simulated digestive environment compared to seawater (Bakir et al., 2014) .
Pathogenic bacteria on microplastics:
Microplastics are potential surfaces for bacterial biofilm formation. Microorganisms can establish themselves as biofilm on floating plastics within a short period of 7 days. Ogonowski et al. (2018) observed that microplasticsassociated biofilm forming microbial communities were distinctly different from those on the non-plastic substrates. Plastics hosted greater than two-fold higher abundance of Burkholderiales whereas the non-plastic substrates had a significantly higher proportion of Actinobacteria and Cytophagia. It is possible that biofilm microbiome may harbour human pathogens and spoilage bacteria. Pathogenic Vibrio species namely V. alginolyticus, V. coralliilyticus, V. fluvialis, V. harveyi, V. parahaemolyticus and V. splendidus were detected on microplastics (Kirstein et al., 2016) . Moreover, biofilms act as rafts and aid in the transport of microorganisms to distant places in the aquatic environment.
Pathways of transfer of microplastics from aquatic environment to humans through aquatic animals
Human health risks are mainly attributed to the chemical additives on plastics and sorbed toxic compounds present on microplastics. The pathway for ingestion of microplastics present in the aquatic environment by humans is depicted in Fig. 1 . In fish, after ingestion, the microplastics may translocate across the gastrointestinal tract and gills and enter the circulatory system. The translocation may happen either through trancellular uptake or by paracellular diffusion (Wright and Kelly, 2017) . Through blood circulation, microplastics reach different organs and muscles. Humans consuming this microplastics laden fish meat are vulnerable to the effects of microplastics. Microplastics physically attach to the skin and gills of the fish and the consumption of fish skin and gill tissue provides another route of transmission of microplastics to the humans. Karami et al. (2017) noticed that eviscerated flesh of dried fish contained higher microplastic particles than the viscera and gills indicating post-harvest safety concerns to the consumer. Filter feeders filter larger volumes of water for food and in the process end up retaining microplastics in their body. Moreover, depuration for 3 days does not clear the microplastics from the filter feeders. It was estimated that Chinese shellfish consumers could be exposed to 100,000 particles of microplastics per annum (Wright and Kelly, 2017) and European shellfish consumer might consume 11,000 microplastic particles per annum (Van Cauwenberghe and Janssen, 2014).
Detection of microplastics in fish meat
The polymer identity in the gut and intestinal contents of fish is usually established employing Raman spectroscopy or Fourier Transform Infrared Spectroscopy (FTIR) (Miller et al., 2017) . However, protocol for the determination of quantity of microplastics in fish flesh has not been standardised and quality standard has to be fixed for the quantity of microplastics that would be considered as a food hazard. The existing quality criterion laid for water and fish meant for human consumption (e.g., EU, 1998; FSSAI, 2011) would meet the requirements of determining fish quality vis-à-vis the contaminants such as toxic chemicals and pathogenic bacteria adsorbed/ absorbed to microplastics.
Effect of microplastics on human health
Microplastics, either ingested or inhaled induce localised particle toxicity by inducing an immune response. In the human body, after ingestion of microplastic laden food, the microplastics first interacts with the mucus layer of the gastrointestinal tract. The microplastic particles aggregate and cross the mucosal layer and come in contact with the epithelial cells. The microplastics then translocates to lymphatic and circulatory system and via these systems reach and accumulate in organs such as liver, kidneys, spleen, heart and brain thereby impact human wellbeing (Volkheimer, 1975; Sass et al., 1990; Hodges et al., 1995; Rieuxet al., 2005; Geiser et al., 2014; Wright and Kelly, 2017) . The Peyer's patches of the small intestine are considered the major sites of translocation of microplastic particles (Powell et al., 2010) . Hydrophilic and positively charged microplastic particles circulate for longer periods of time (Silvestre et al., 2011) . The microplastics are eliminated through urine and faeces (Galloway, 2015) .
Impact of consumption of microplastic laden fish on human health
Finfish are generally consumed in degutted form processed as fish steaks, fish fillet, canned fish or as battered and breaded products. The accumulation of microplastics is generally in the fish gut and removal of the gastrointestinal tract negates potential adverse health effects to the fish consumers. However, safety concerns exist for consumers of filter feeders such as clams and mussels when they are consumed in ungutted form; but this practice is uncommon in India.
The most commonly used plastic is polyethylene (LDPE, HDPE) but the release of monomers from polyethylene is currently not recognised to represent a significant human health threat (Halden, 2010) . Although, the endogenous chemical additives, sorbed toxic chemicals and biofilm pathogens have the potential to cause human health problems, Lusher et al. (2017b) opined that the contamination burden of harmful chemical contaminants and additives in microplastics would be less than 0.1% of the total dietary exposure of humans to these compounds even after assuming that the highest concentration of the toxic contaminants are completely released in the human gastrointestinal tract. The potential of microplastics to negatively affect human health is understudied (Galloway, 2015) and with the limited research data it may not be appropriate to categorise microplastics containing fish as a food hazard. Hence, there is a need to elucidate the long term impact of microplastics on human health so as to categorise it as a food hazard associated with fish. Until then there is no justification to reduce the consumption of fish and fishery products due to fear of microplastics. However, research on microplastic contamination in fish and its effect on human health need to be actively pursued. Simultaneously, plastic waste disposal in to the aquatic environment needs to be curbed.
Nanoplastics
Nanoplastics are plastic particles that have a size (diameter/length) of less than 100 nm (0.1 µm). They are either formed as products of progressive degradation from macro-and microplastics or are released directly into the environment. Nanoplastics generally enter the food web through algae, bacteria or filter feeding aquatic organisms Mattson et al., 2015) . They are perceived to be more harmful than the microplastics as their nano-size enables them to move across cell membranes and adversely impact cell functioning (Galloway, 2015; Vethaak and Leslie, 2016) . Moreover, the smaller size of nanoplastics has the scope to concentrate toxic compounds either inherent in their production process or sorbed from the aquatic environment. Methods such as electron microscopy, field flow fractionation, multiple wavelength UV-VIS spectrometry, or dynamic light scattering have been used in laboratories to detect nanoplastics. However, presently there are no established analytical methods to detect nanoplastics in the aquatic environment (Mattsson et al., 2015; Carbery et al., 2018) . Compared to microplastics, very little is known about nanoplastics. Microplastics exist as spheres, beads, fibers or fragments in the environment but the shape of nanoparticles in the aquatic environment is relatively unknown. The chemistry of the nanoplastics formed from progressive degradation of larger plastic fragments and their chemical behaviour in not known (Mendoza et al., 2018) . The paucity of information regarding nanoplastics needs to be addressed before any assessment can be made about the risk potential of nanoplastics (SAPEA, 2019) .
Strategies to mitigate microplastics in the aquatic environment and areas for further research
• The plastic release to the aquatic environment needs to be drastically reduced. Primary source of microplastics i.e., microbeads are classified as unsafe for use in cosmetic products by the Bureau of Indian Standards. There is an urgent need to prohibit the use of microbeads in cosmetics towards reducing microplastics pollution. Toiletries and cosmetics products containing microplastics were recently prohibited in the US, Canada and the UK.
• Better waste management practices by creating recycling infrastructure are needed to eliminate the key sources of plastic pollution before they reach the aquatic environment.
• Enhance public education through nationwide campaigns such as 'Beat Plastic Pollution' campaign of the United Nations and 'Green Good Deed' of Ministry of Environment, Forests and Climate Change, Government of India and campaigns to emphasise refuse, reuse and recycle plastics.
• Strengthen and encourage product innovation for biodegradable alternatives to plastic polymers e.g. use of natural alternatives to additives used in plastic manufacture, edible cutlery, paper straws, biodegradable food wrappings and edible food coatings
• The microplastics sorb harmful chemicals from the aquatic environment and so measures to mitigate the entry of toxic pollutants into the aquatic environment would minimise the adverse impact of microplastics on fish consumers.
• Research on the sorption dynamics i.e. adsorption/ absorption of chemicals and bacteria to different types of microplastics (PE, PP, PS, PVS, PET) and their rate of release in different aquatic environments (freshwater, brackishwater and seawater) is necessary.
• Impact of processing (blanching, cooking, retorting, canning, pickling, freezing, freeze drying, fermentation, smoking, drying) on microplastic is another area of research to be undertaken.
• Standardisation of protocol for estimation of microplastics from fish tissue is necessary for assessing post-harvest quality of fish.
• Develop methods to detect and quantify nanoplastics in the aquatic environment.
There is paucity of data on the occurrence of microplastics in water, sediment and animals in the aquatic environments in India and there is imminent need for generating data as evidence for framing food quality regulations. Knowledge gaps exist regarding the impact of micro-and nanoplastics on the health of the aquatic animals and the safety of the fish consumers. Close interdisciplinary research collaboration between marine/aqua biologists, food scientists and health care professionals is the way forward for successfully addressing the challenges posed by micro-and nanoplastics in the aquatic environment.
Conclusion
In the marine environment, it takes nearly 320 years to disintegrate 1mm sized microplastic to nano-sized plastic particle . This indicates that the amount of microplastics already present in the environment will be impacting aquatic animal health and human health for years to come. However, the potential of microplastics to negatively affect human health is understudied but it has to be emphasised that transfer of microplastics through fish to humans is one of the major challenges for food safety. Concerted global action plan (GAP) to mitigate microplastics in the aquatic environment is an immediate priority but based on the quantum of plastic already present in the aquatic environment, visualising microplastic free aquatic environment appears to be a distant dream; but today's dreams may be tomorrow's reality.
